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We have examined the effects of a series of purified ~21 
proteins encoded by yaz oncogenes and synthesized-in &_c.oLi via 
recombinan-t DNA methods, on the phoeohorvlation of uroteins 
associatwl with isolated rat liver mitochondria. We find that 
these proteins markedly enhance the phosphorylation of a 36KD 
protein and inhibit phosphorylation of a 17KD protein. The 
phosphorylated residues on the 36KD protein are hydrolyzed by 
mild acid, suggesting that they invoive phosphoamide bonds. These 
rcsuits suggest that ~21 nroteins may piay a role in vivo by 
altering the phosahorylation of certain proteins. 

------- 
@ 1986 Academic Press, 

1°C. 

The rag oncogencs transform cells through the action of a 

famiiy of 21 kilodalton (KD) proteins term4 ~21 (1,2). These 

proteins bind guanine nucleotides and have GTPase activity (3-B). 

They aisn have extensive sequence homology with a-subunits of 

severai regulatory guanine nuclcotide 'binding proteins (G- 

proteins) (6-8j. The precise biochemical functions of the ras -- 

p21 proteins in normal and transformed cells are not known, 

although there are suggestions that t'ney might play a role as a 

a-subunit in a G-nrotein (for review see ref. 9). In the present 

paper we describe an in vitro system -.--- employing isolated rat liver 

mitochondria which jeads to the phosphorylation of several 

proteins. We demonstrate that the addition of purified ras --- 

proteins, synthesized in E. coli by recombinant DNA methods, --- ---- 

markediy influences tns phosphorylation of two of these proteins. 
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MATERTALS AIUD METHODS 

Female Sprague-Dawley rats (90-150 days old) were 
anesthetized with diethyiether, sacrificied by cervical 
djslocation and the livers rapidly excised. Mjtochondria were 
isolated at 4oC by differential centrifugatjon in a pH 7.4 medium 
containing: 0.21 M D-mannitol, 1 mM HEPES, 0.1 mM EFTA and 1 
mg/ml defatted serum albumin, essentiaiiy as descrlhed hy 
Greenawalt (10). Phosphorylation was performed at 2CoC in 0.1 mi 
of standard reaction mixture that contained: 0.21 M D-mannjtoi, 
0.07 PI sucrose, 1 mM HEPES at p1: 7.4, 2.5 mM MgC12, 10 mM 
potassium succinate, 2 ug,imi rotenone: 2 rig/ml oligomycin 
(Sigma), 5 Ug/mi carhoxyatracty;oside (Sigma), and LOO-200 ugiml 
mitochondriai protein. Reactions were starter! 'by the addition of 
5-!@ 11Cj of iy-32PiATP (>5000 Ci,/mmole, Amersham) and terminated 
by the addition of-O.02 ml of 20% SDS followed by 0.03 ml sample 
buffer , willch contained - 10% (~71~7) giycernl, I g.il hromphenol 
blue , 20% (v/v) B -mercaptoethanoi, amd 0.06 M Tris HCl pE-r 6.6. 
Sampjes were boiled for 3 minutes and then anaiyzefi by 
diSContinOilS SDS-po.!yacrylamide gei elcctronhoresis. The starling 
gei was polymerized from 3% acrylamjde, 0.15% hisacrylamjde in 
0.1% (W/V) SDS and 0.125 M Tris HCi pH 6.6. The resolving gei was 
10% acrylamide wjth an acrylamideihisacryIamjde ratjo 2O:l jn 
0.1% SDS and 0.375 M Tris EC1 pH 6.3. The electrophoresis buffer 
contained:0.025 M Tris 323 pH 6.3, 0.193 M glycine and 0.1% SDS. 
Molecular weight markers (BRL) were run on the same gel. Prior 
to autoradiography, gels were fjwed jn 10% 2-propanoi, containing 
10 mM ATP and 10 mM sodinm pyrophosphate. Geis were 
autoradjograghed lising Kodak X-Omat AP film, with J-3 days 
exposure at -?O%. In some experiments autoradiographed gels were 
treated overnight with i:l glacial acetic acid: methanol solution 
(each at 15% v/v) and alltoradjographed again to examine the 
profile of acid-stabie phosnhoproteins. 

When fre=hly Isolated rat liver mitochondrja were incubated 

aerobicaily for two minutes in the presence of surcinate, 

rotenone (to binck NADH-linked electron transporii, oiSgomycjn 

(to inhibit the formation of nonradioactive ATT): 

carbnxyatractyioaide (to hiock uptake of the rarijoartive AT? jnto 

mitochondria) and [y-32P!ATP, four protein% were reproducibly 

labeled with 32~ which migrated in SDS-polyacrylamide Gei- tn 

positions that corresponded to 107, 70: 36 and 17KD (Figure IF, 

lane lj. The 107, 70 and 36:KD radioactive bands shown jn Figure 

1A were not seen, but the i7KD band persisted, when the same gel 

was treated overnjght with 15% acetic acid prior to 

autoradiography (Figure lB, lane 1). The 17KD hand was usually 
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FIGURE 1. Effects of various ras p21 proteins on phosphoryiation 
of mitochondrial proteins. Panel A, Lane 1, mitochondria 
incubated alone. Lanes 2-8, mitochondria incubated with 50 ugiml 
of the following rag ~21 proteins: lane 2, RAS!,; lane 3, RASP; 
lane 4, EJ; lane 5, W/v-Ha-ras; lane 6, EC/leu-61; iane 7, EC; 
lane 8, EC/v-Ha-ras. Molecular weights in kilodaltons of the 
major phosphorylated proteins are indicated at the left. Panel R. 
Same as Panel A, but autoradiography was done after acid- 
treatment of the gel. 

broad and in some experiments was resolved into a doublet. Both 

com.oonents of the doublet responded similarly to the addition of 

071 nrotejnr, (qee hejowl , 

Phnephorylation of mitochondrial proteins was assayed in the 

absence and presence of seven different p21 proteins, each of 

which had been exprenceii in F coli and Furified to homogeneity -A---- 

(13-14): 1). RASl, viral Harvey ras ~21 with Arg-12, Thr-59, --- 

Gin-6i f?4), 2) RASP, viral Harvey ras p21 with .Arg-12, Thr-59, --- 

Gin-61 and no amino-terminal fusion sequence (Stein, R.B. 

unnublished studies), 3) RJ, with Val-12, Ala-59, Gln-61 (12), a 

transforming ~21 from a human bladder tumor (15), 4) EJiv-Ha-ras, 

E.7 hut with Thr-59, instead of Ala-C59 (12), 5) EC, with Gly-12, 

Ala-59, Gln-61, the normal human Harvey ras _-_- oncogene product 

(lR), 6) EC/v-Ha-ras, EC but with Thr-59, instead of Ala-25 (121, 

and 7) EC/Len-61, EC hut with T:eu-61, instead of Gln-61 (16), a 

transforming ~21 from a human iung carcinoma (17). Six of the 

areceding seven ~2; _ nroteins were expressed in E coli as fusion .,-L-z--- 

318 



Vol. 135, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

proteins with an amino-terminal fusion sequence extending from 

-19 to 0; PAS2 ~21. does not have an amino-terminal fusion 

sequence. Ali seven purified p21 proteins markedly enhanced the 

extent of phosphoryiation nf the mitochondriaj 36KD protein and. 

but for EJ p21 protein, completely inhibited phosphorylation of 

the mitochondrial 1'iKD protein (Figure :Aj. Figure lD 

demonstrates that most of the 32P incorporated into the 36KD 

protein, in the absence and in the presence of different p21 

proteins, was removed by mild acid treatment, suggesting that the 

phosphnrylation of this protein involved phosphoramidates, since 

they are known to be acjd labile (iR). We qaw no concistent 

effect of ~21 proteins on phosphorylation of the mitochondrial 

107 and ?OKD proteins. Thus, the remainder of this paper focuses 

on the 36 and 1i‘KD proteins. 

Our preparatjons of p?l proteins conrained CD? (;i), whjch 

binds to the p21 proteins with a dissociation constant of about 

10%-1 (19). At the micromoiar concentrations of 921 proteins 

employed in our experiments 5-10X of the bound GDP would be 

dissociated from the protejn at equilibrium. We investigated, 

therefore, possible effects of GDP itself on the phosphorylation 

of the I? and 36KD mitochondrial proteins. Figure 2A 

demonstrates that free GDP (in the range .50-500 nM) inhibited 

phosphnrylatjon of the ;7 KD protern to a. greater extent than an 

amount of PC p21 protein that contains an approximately 

equivalent amount of GDP. Thus, 't _ is nossj'ble that the effect 

of added ~21 proteins on phosphorylation of the l?KD protein may 

be due, at least in gart, tn the GDP bound to thjs protein, which 

couid dissociate in the incubation system. Although very low 

concentrations of free GDP (50-250 n#) stimulated the 

phosphorylation of the 36KD protein, higher concentrations were 

inhlhitory (Figure 2R). Roth the EC and E.T p21 proteins 
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FIGURE 2. Effects of GDP and purified ras ~21 proteins on 
phosphoryiation of the mitochondrial 17KD (panel A) and 36~~ 
(panel P) proteins. Experiments were performed as described in 
MATERIALS AND METHODS in the presence of indicated amounts of GDP 
or ras p21 proteins, both expressed on a molar basis. The 
relzTVe intensjties of the 36 and 17KD bands on the 
autoradiographs were measured with a Chromoscan 3 Joyce Loeble 
densitometer. -a- , effect of GDP. -A- , effect of EC ~21 
protein: -m- , effect of EJ ~21 protein. 

stimulated the phosphoryiation of this protein to a higher level 

than that obtained with free GDP, and this stimulation persisted 

even at high concentrations of these proteins (Figure 25). Thus, 

the nP1 nrnteins are mnre effective stimulators of 36KD protein - - 

ahosphorylation than free GDP, although our studies do not 

exclude a rnle for orntein-hnluKi GDP in this process. . 

DISCJJSSICN 

This study demonstrates that seven different bacterially 

expressed p2i proteins markedly affect- the phosphoryiation of two 

mitochondrial proteins. The phosphorylation of a 17KD protein is 

inhihi.ted, whiie the phosphnrylation of a 36KD protein is 

enhanced. These reciprocal effects (Figure 1) provide evidence 

that these results are not due to contamination of the pZ1 

proteins with a bacterial protein kinase or phosphoprotein 

phosphatase. The inhibitory effects of ~'21 proteins on 

phosphoryiation of the 17KD protein may be due, at least in part, 

to their content of bound GPP, hut it is unlikely that GDP alone 

accounts for the stimuiatory effects on phosphorylation of the 
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36KD protein (Figure 2). Nor js it likely that the N-terminal 

fusion sequences present in six of the seven p21 proteins 

empioyed in this study are respansihle for t:he effects we h.ave 

observed, since these effects were seen with 'oath R.ASl ~21 

orni-~-in and FiAS2 a21 orntein (Figure iI, wh5ci are the -ame _ - 

proteins extent that th- P former contains a fusion SPIS~~PIIC-e but 

t:he ;atter does not. In- the present studies we did noi oheervp a 

consistent difference between normal and transforming ~21 

proteins in terms of their effects on phosphoryiation of the 36 

and 17KD proteins. This result may he relevant to the finding 

that both ooint mutations in the ras aenes and overexpression of --- .- 

the normal p23 protein can cause transformation of cultured cells 

(1,2). Studies are in progress to determine whether a more 

purifjed in vitro system wili discriminate between the normal and _---.-_-- 

mutated ras p21 proteins. --- 

The m?+ochondria; incuhatior? assays used in tje present 

studies contained carhoxyatractyioside, an inhibitor of ATP 

uptake by mitnchondria. Since under these conditinns we obtained 

phosphoryiatian of the 17 and 36KD protein5 ir a.ppear.9 that these 

nrntcins are associated with i-:he miter face of the in-ner 

mitochondrial membrane or with the ollter mitochondriai membrane. 

Indeed, stndieq in Droqress indicate that these proteins can be 

released from the outer mitochondriai membrane 'oy incubation of 

isoiated mitochondria with 10 mY giucose-6-pjosphate for 30 

minutes at 20°C (unpublished studies). Since ras p21 proteins 2-L 

are known to be associated with the inner surface of the plasma. 

membrane (20) it is somewhat unexpected that they affect 

phosphorylation of mitochondrial proteins in our subcellular 

system. It is kn-own that mitochondrlai mem'branes contain- a 

guanine nucieotide binding protein and that in brown adinosc 

tissue this Drntein regulates mjtochondrial thermogenesis (21). 
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perhaps, ras p21 proteins share homology with the ci-subunit of a r--- 

mitochondrial G protein ihai~ influences the phosphorylation of 

snecific mitochon.driai proteins. We are currently examining this 

possibiiity and also studying whether the ras 024 nroteins have a ___ _ _ 

simiiar influence on the phosphorylation of proteins associated 

with the plasma membrane. 
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